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FOREWORD

This report was prepared by Amelco, Inc., Mountain View,
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adminstered by the Electronic Technology Division (formerly Electronic
Technology Laboratory), AF Avionics Laboratory, Aeronautical
Systems Division. Mr., Walter S. Chambers was project engineer for

the Division.
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in June 1963, Dr. J. T. Last is in charge of Research and Development
for Amelco, Inc.; Dr. M. A, Gilleo was responsible for the work done

on this contract.

This report is the final report and it concludes the work on

Contract AF 33(657)-8678.
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GaP is gratefully acknowledged. The council of Mr. W. S. Chambers
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PHOTRONICS: THE GENERATION OF LIGHT IN SILICON
P-N JUNCTIONS AND THE OPTICAL COUPLING OF
SEMICONDUCTOR DEVICES

ABSTRACT

Silicon p-n junctions coupled Ly a light pipe were evaluated as a
means for the generation, transmission, and reception of photons which
would serve to transfer an electrical signal from one circuit to another
without electrical interconnection. The reverse-current radiation of
these junctions ranged from > 3eV to < 0.5 eV with a maximum at
about 0.56 eV. The best internal efficiency observed was about 2.5 10'4
photon per electron for a B+ -n diode made on 1. 2-ohm-cm silicon. The
forward-current radiation was produced with the best efficiency in an

nt - p diode made on 0.05-ohm-cm silicon which yielded about 6.1- 10"4

photons per electron. The radiation has a maximum at about 1.1 eV with
a width of a few tenths of an eV at room temperature. On a power basis
the forward-current radiation is produced with about two orders of
magnitude greater efficiency than reverse-current radiation. Additional
data were obtained with double-injection diodes. The optical inter-
connection of semiconductor circuits by means of light pipes made of
inorganic glasses with a high refractive index was investigated. Light-
coupled transducers were constructed with diodes and with photo-
transistors. An optically actuated microcircuit flip-flop was assembled

with an arsenic trisulfide light pipe and a gallium arsenide light source.

Publication of this technical documentary report does not
constitute Air Force approval of the report's findings or conclusions.

It is published only for the exchange and stimulation of ideas.
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1. INTRODUCTION

The objectives of the work being reported are to achieve the
optimum means for the production, transmission, and reception of
photons so that the transfer of electrical signals by means of photons may
be efficiently accomplished. In this way photons can serve to inter-
connect two or more circuits in such a way as to accomplish electronic
functions such as switching, logical operations, impedance transforma-
tion, and modulated signal transfer; no electrical interconnection of

the circuits need exist.

A p-n junction in a semiconductor provides conditions admirably
suited both to the emission and to the detection of photons. The pandn
regions may, for simplicity, be regarded as sources of holes and
electrons respectively. Without application of an external potential
between the p and n regions there is no net transfer of charge carriers
between the two regions because the potential energy for holes and

electrons is at a minimum for each in its respective region of origin,

In the case of absorption of a photon in the p-n junction, the
electron-hole pair thus created will separate; each charge carrier of
this pair then diffuses to the region where its potential energy is lowest,

In this way a photovoltaic current is generated.

Conversely, a potential (forward) may be applied to the p-n
junction with the p region positive with respect to the n region so that

electrons flow into the p region and holes into the n region. Then in

Manuscript released by the author July 1963 for publication as an

ASD Technical Documentary Report.
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each region the minority carriers thus injected will recombine, usually
at an impurity atom,with probability that a photon with an energy less
(approximately by the impurity ionization energy) than that of the

semiconductor band gap will be emitted.

Alternatively, a potential (reverse) may be applied to the p-n
junction such that the minority-carrier electrons in the p region travel
to the n region and vice versa. A much larger potential difference is
necessary to accomplish this so that the charge carriers may acquire
kinetic energy, may create further charge carriers by ionization
processes, and may recombine to yield radiation of energy greater than

that of the band gap.

When the holes become heated, as in the case of reverse-current
operation of a p-n junction, those holes with the highest kinetic energy
may occupy a higher-energy (lower-lying) valence band. In this case a
hole which makes a transition to a lower-energy valence band (intraband

transition) will emit radiation, and analogously for hot electrons.

The p-n junction therefore provides us with a means for the
detection of radiation and with at least three different mechanisms for
the generation of radiation by the flow of current, An important problem
which remains is that of transferring the radiation from the source

junction to the receiving junction.

In a light-coupled transducer the input signal generates light

which is converted into an electrical output signal by the detector. For
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most efficient operation all of the light generated would be conveyed

to the receiver. Because of the high index of refraction of semi-
conductor materials only a few percent of the light generated may
escape into the air and, likewise, much of that incident from the air

is reflected so that little may enter. Therefore, a light pipe made of a
transparent material with an index of refraction approaching that of the
semiconductor is needed to achieve efficient current transfer in a light-

coupled transducer.

For an investigation of the means for achieving the optical
interconnection of circuits and the attendant problems described above,
silicon was selected as the principal semiconductor material for the
fabrication of light sources and receivers. Silicon technology has
become quite advanced as a consequence of its extensive use in tran-
sistors and microcircuits. Accordingly, an extension of its use to

optical interconnection of circuits would be logical and advantageous.

Although the photovoltaic effect in silicon p-n junctions has been
brought to an advanced state, the generation of radiation by the flow of
current through p-n junctions in silicon is not yet completely understood.
Therefore, much attention was devoted to the generation of radiation by
reverse-current flow in silicon p-n junctions, which is the most interesting
and perhaps least understood mechanism, and to radiation produced by
forward-current flow. The objective of this research was to gain greater
understanding and more quantative knowledge of these processes so that

more efficient production of radiation could be achieved. For this purpose



P-n junctions were formed in base materials of silicon of P and n type
with a wide range of resistivities. The radiation produced by these
junctions was measured and evaluated in terms of existing theories

pertaining to this radiation,

The problem of the optical coupling which can be achieved
between a source and receiver immersed in separate pieces of a
material of high refractive index by means of a light pipe was examined
theoretically, Experiments were made in which light pipes with
several refractive indices which approach that of silicon were used and
the results compared with the theory. The devices used in these
experiments were light-coupled transducers and the current-transfer
coefficient of these transducers was used as a measure of the optical

coupling achieved.

As a demonstration of an application of optical coupling in solid-
state circuitry the input transistor of a microcircuit flip-flop made on
silicon was connected by a light pipe to a light-source diode. In this
way the flip-flop could be triggered by a current in a circuit not

electrically connected to the flip-flop circuit.

The theoretical and experimental background which has been
established by previous workers in this field is presented in subsequent
sections of this report. The quantitative data which were obtained in
the experiments conducted to provide information pertinent to the
problems described above are also presented together with their

interpretation and application to the solution of the problems.
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2. P-N-JUNCTION LIGHT SOURCES

Radiative and Non-Radiative Recombination

The production of light by recombination of the charge carriers
in a semiconductor containing a p-n junction has been mentioned as a
promising means for use in photronics. Such light was first reported
by Haynes and Briggs1 for a junction in germanium. Subsequently it
was investigated by others in various materials, The work of
particular interest is that on Si by Haynes and Westphal 2 and by

Chynoweth and McKay. 3

An important result of Chynoweth and McKay for silicon, from
the point of view of its application to photronics, is that only about one
in 103 to 104 electrons traversing the p-n junction in the forward
direction gives rise to a photon; most recombination processes are
non-radiative. This poor efficiency arises for the following reasons,
among others. It has been shown by Herman4 that germanium and silicon
have such an energy-band structure that direct transitions (those not
involving a change of momentum) involve a higher energy than indirect

transitions. For the energy-band structure of germanium and silicon

!J. R. Haynes and H. B. Briggs, Phys. Rev. 86, 647 (1952).

2J. R. Haynes and W. C. Westphal, Phys. Rev. 101, 1676 (1956),

3A. G. Chynoweth and K. G. McKay, Phys. Rev. 102, 369 (1956).

4F. Herman, Phys. Rev. 93, 1214 (1954); ibid. 95, 847 (1954);

Proc. Inst. Radio Engrs. 43, 1703 (1955).



Dumkes has calculated the radiative-recombination lifetime for
intrinsic material to be about 2 and 2- 104 sec, respectivély. for
indirect transitions. In germanium the direct radiative-recombination
lifetime is about 0.3 sec; no such radiation is to be expected from
silicon. However, intrinsic material of such high perfection that

these radiative-recombination lifetimes would dominate would be

difficult to realize.

When intrinsic radiation is produced in silicon by the recombi-
nation of electrons at the conduction-band minima with holes at the
valence-band maximum the crystal momentum is conserved by the
absorption or emission of phonons. In both silicon and germanium there
are four branches to the phonon spectrum in the direction of conduction-
band minima., Consequently, there are available four phonons of
different energy each of which has the required crystal momentum
necessary to the recombination transition. By careful observation of the
intrinsic radiation of silicon and germanium Haynes et _a_}.é have
identified the effect of longitudinal and transverse phonons of the optical

and acoustic branches of the phonon spectrum.

SW. P. Dumke, Phys. Rev. 105, 139 (1957).

6J. R. Haynes, M. Lax, and W. F. Flood, J. Phys. Chem. Solids §.

392 (1959).



————

At low temperatures for which the thermal dissociation of
excitons (coupled electrons and holes) is small the radiation arises
predominantly from recombination of excitons with the emission of
a transverse optical phonon in intrinsic silicon, The recombinatioﬁ
rate of free electrons and holes was found to be 1/6 of the exciton

recombination rate at 83°K by Haynes et al.

In less pure material recombination most probably takes place
at impurity atoms in an Auger-type process involving either two like or
two unlike charge carriers and a trap, as has been shown by Bess.
The process involving a trap and unlike charge carriers turns out to be
the most probable one. In this process a free hole, for example,
approaches a trap filled with an electron and with a free electron in the
neighborhood. A transition is then possible in which the hole annihilates
one of the electrons and the other electron is ejected into the conduction
band with a kinetic energy equal to any excess of energy present. The
probability that a photon will be emitted in the recombination process
turns out to be very small. The energy of a photon produced in this way
will be less than the band-gap energy of the semiconductor by the energy

of ionization of the impurity atom to first approximation. Therefore,

7J. R. Haynes, M. Lax, and W. F. Flood, Proc. of the Int. Conf. of
Semicond. Phys., Prague, 1960 (Academic Press, New York, 1961),
p. 423.

8L. Bess, Phys. Rev. 105, 1469 (1957).



non-radiative recombination processes dominate. For Ge Bess found
that the radiative lifetime would be about 300 times greater than the
non-radiative lifetime., For silicon the situation is much poorer.
However, Bess also showed that the conditions most favorable to
radiative recombination occurred for impurity-concentration ratios

about a factor of ten from the compensation point.

The addition of impurities to silicon has been shown to give rise
to an electronic complex which results in further radiative processes as
has been shown by Haynes. 9 In the case of an n-type impurity Haynes
has shown that the complex consists of a hole bound to a positive donor
by an electron-pair bond. Similarly, in the case of a p-type impurity
the complex is obtained by a reversal of the sign of the charges, i.e.
an electron bound to a negative acceptor by a hole-pair bond. Radiation
from these complexes consists of very narroQ lines (width < 0.0005eV)
because the recombining electron and hole are both immobilized. The
radiative recombination occurs with and without emission of a transverse
optical phonon. The dissociation energies of these complexes is about
one tenth of the ionization energy of the impurities so that this
mechanism for the production of radiation would only be important at

temperatures much below room temperature.

93. R. Haynes, Phys. Rev. Letters 4, 361 (1960).



——

These above considerations are primarily applicable to p-n
junctions which carry a current in the forward direction, i.e. to
minority-carrier recombination. A comparable understanding of the
processes of recombination in the microplasmas reported Chynoweth
and McKay3 in reverse-biased, silicon, p-n junctions has not yet been
achieved because of the greater difficulty of the problem. However, the
response time for the light from a reverse-biased junction is much
faster than that of a forward-biased one because we are dealing with a
majority-carrier-recombination lifetime (time of the order of pe, the
product of bulk resistivity and permittivity) rather than with a minority-

carrier-recombination lifetime.

The charge carriers are subject to higher electric fields than in
the case of forward-current operation where voltages of 0.5 to 0.7V are
sufficient for the onset of a substantial forward current. In the reverse
direction, however, the voltage must be considerably higher. Chynoweth
and McKaylo have shown that the threshold energy for electron-hole-pair
production in silicon is 2.25eV. Moreover, they have also shown that
for reverse voltages less than about six volts the principal current

can be attributed to field emission at the junction rather than to the

10 A. G. Chynoweth and K. G. McKay, Phys. Rev. 108, 29 (1957).



formation of microplasmas at the junction. 1 Consequently, at
breakdown voltages below about six volts the character of the light

produced by the junction changes.

As a consequence of the larger potential differences across the
junction, the charge carriers acquire a substantial kinetic energy.
Therefore, upon recombination the energy available from the charge
carriers is greater than the band gap of the semiconductor. Accordingly,
the spectral distribution of the radiation shows an extension toward
shorter wavelengths, The upper energy limit corresponds at room
temperature to the sum of the band-gap energy of 1.09 eV and the pair
formation energy of 2. 25 eV or about 3.34eV; the probability of a
recombination between energetic holes and electrons, which would be
required to achieve higher photon energy, is negligibly small. The
probability of kinetic energies in excess of 2.25eV is also small because
charge carriers with an energy above this value quickly lose it to pair

formation.

As a further consequence of the high kinetic energy attained by
the charge carriers which carry the reverse current, their temperature
is much higher than that of the lattice. At a sufficiently high temperature

the holes may undergo an intraband transition (a transition between

H A. G. Chynoweth and K. G. McKay, Phys. Rev. 106, 418 (1957).

- 10 -
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valence bands) with the emission of light. The intraband-transition
radiation of hot holes in germanium was first observed by Chynoweth

and Gummel 12 and interpreted theoretically by Wolff. 13 Radiation
which it is believed may be attributed to intraband transitions of hot
holes has been observed in silicon. 14 However, the intraband-transition
radiation in silicon occurred at a longer wavelength than the band edge
whereas in germanium it was observed at a wavelength shorter than that
of the band edge. In both cases the radiation attributed to the intraband-

transitions of holes was the strongest component present.

The experimental investigation of the generation of light in silicon
P-n junctions was carried out in three categories. In the first category
planar, diffused, B+ -n and 3+ -p junctions in silicon were used. With these
diodes the efficiency of the production of light was examined as a function
of the resistivity of the base materials and the extent of diffusion of the
junction. Forward and reverse current was used and the spectral region
from 0.3 to 3 microns was observed. In the second category an
examination was made of the recombination of electrons or holes in

indium-doped silicon at low temperatures. The recombination process of

le. G. Chynoweth and H. K. Gummel, J. Phys. Chem. Solids 16, 191 (1960).

'3p. A. Wolff, J. Phys. Chem. Solids 16, 184 (1960).

l4A. G. Chynoweth (private communication). The presence of such

radiation had been postulated earlier by Chynoweth and McKay. 3

- 11 -



electrons with holes at un-ionized indium had been reported by Pokrovsky
and Svistunova 15 to take place with nearly unit quantum efficiency below
80°K. In the third category diodes of the double-injection kind (2+-_i_-£+)
were used to study the recombination of electrons and holes of

comparable number density in a relatively pure region. Also with
double-injection diodes it was possible to observe separately the recombi-

nation radiation of holes in an n+ region and electrons in a p' region.

Light Production in Planar, Diffused Diodes

A planar, diffused diode was designed (Fig. 1) which would leave
most of the diffused area (the junction area) bare so that most of the light
generated would escape. At the same time the aluminum film which was
used to make contact with the diffused area was designed to minimize the
voltage drop as a consequence of surface resistivity so that a very high
current density could be achieved over the area of the junction. The area
of the aluminum to which contact is made with thermo-compression-
welded, gold wires was taken outside of the junction area over the silicon
oxide so that a light pipe could be placed in intimate contact with the whole
area of the junction. Some of those diodes which were used with light
pipes had no oxide over the diffused area except at its perimeter where

the oxide served as protection. Those diodes used without light pipes

lSY. E. Pokrovsky and K. J. Svistunova, J. Phys. Chem. Solids 22,
39 (1961).

-12 -
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were always oxide covered except under the aluminum, The diodes were
mounted on TO-5-size headers for use in measurement of light output

as a function of the magnitude and direction of the current,

An examination was made of the light output of an XLD-3(100dp. 25)
diode (here the 100d in parentheses indicates a diffused area of 100 ten-
thousandths of an inch in diameter and p. 25 indicates that the diode was
formed on 0.25-ohm-cm, p-type silicon) with forward and reverse
current by means of an infrared image converter. As would be expected,
it was found that with reverse current the junction perimeter was brightly
lighted with the area of the junction also lighted but much more faintly,
Under about 85X magnification no bright spots could be seen either on the
perimeter or over the area of the junction when it was operated with 2.5
microsec pulses of 0. 48 A (Fig. 2). However, when a direct current of
about 10 ma was used the junction was a ring of bright spots while the area

was dark (Fig. 2).

With forward-current consisting of 2. 5 microsec pulses of 1 A the
whole area of the junction was brightly lighted with somewhat greater
brightness at the junction perimeter. In addition appreciable light could
be seen outside of the junction and even outside of the outer aluminum
ring (Fig. 1). It is believed that the light is being carried by multiple
internal reflection in the silicon oxide because imperfections in the oxide
have been seen to cast shadows &s if the light were proceeding radially

outward.

- 14 -
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(a) (b) (c)

Fig. 2. The light produced by an XLD-3(100dp . 25) diode
operated on reverse current as seen through an infrared image con-
verter with an overall magnification of about 85X. (a) The diode with
external illumination. (b) Junction radiation with 0.48 A pulses
2.5 microsec long; about 2. 4° 106 pulses were used for a total
duration of 6 sec. (c) Junction radiation with about 10 mA d-c reverse

current for 60 sec.
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Later photographs of light from a XLD-3(100dn . 068) diode
showed the effect of the oxide more clearly. A good, clear oxide
showed less scattered light (Fig. 3) than a poor, roughened one. Also
in this case the light was brighter near the aluminum spokes, presumably
because the lower series surface resistance allowed a greater current
density near the electrodes. It is possible that the oxide may carry

away a significant portion of the light produced by the diode.

A series of measurements was made with these diodes with an
RCA 7102 photomultiplier with an S-1 infrared-sensitive photocathode
and with an Eastman Kodak Type Q-1 PbS cell with a 4 x 4 mm area.
With the 7102 the magnitude of the forward-current radiation at about
1.15 micromand the time constants r, for the build-up and T4 for the
decay of the radiation could be evaluated. Also the reverse-current
radiation for A <], 2 microns could be evaluated. In conjunction with a
sharp-cut-off, long-wavelength-pass interference filter which reduced
radiation at 1.6 microns to 5% or less, the PbS cell could be used to.
evaluate the the fraction of the total radiation for A>1,6 microns which

would be most probably intraband-transition radiation. 14

The 7102 photomultiplier was calibrated for sensitivity at 1.1
microns by means of a tungsten lamp and an interference filter. The
lamp had been calibrated for a color temperature of 2854°K by the
National Bureau of Standards; the transmission-vs-wavelength curve of
the interference filter was used to calculate the spectral power which

reached the photocathode. The light intensity was measured in foot
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(a) (b)

Fig. 3. The light produced by an XLD-3(100dn . 068) diode
operated on forward current as seen through an infrared image con-
verter with an overall magnification of about 85X. (a) The diode with
external illumination. (b) Junction radiation with 100 microsec
pulses at 3 A current; about 4- 103 pulses were used for a total

duration of 0. 4 sec.
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candles with a Weston Model 756 Foot-Candle Meter. The result was
142 electrons on the average at the anode per photon at the cathode at

1.1 microns wavelength with a precision estimated to be * 20%.

Reverse-Current Radiation

The reverse-current radiation, as the data (Table 1 and II) show,
is little affected by the resistivity of the base material and the gradient
at the junction. The radiative build-up and decay times were always less
than the 5-nanosec resolution time of the 7102 photomultiplier and the
associated Tektronix Model 58] oscilloscope. These observations are
consistent with the microplasma model of Chynoweth and McKay3 and with

that of Rose. 16

Previously, however, it has not been explicitly shown that the
effect of minority-carrier lifetime is inconsequential to the decay time
for reverse-current radiation. Also it has been shown that with a 50-ohm
source impedance the rise as well as the decay times for reverse-current
radiation can be made less than 5 nanosec. The experiments of Senitzky
and Moll! 7 indicated that this would be the case provided that the RC time

constant of the junction capacitance and source impedance were

sufficiently small.

1D, 3. Rose, Phys. Rev. 105, 413 (1957).

7B, Senitzky and J. L. Moll, Phys. Rev. 110, 612 (1958).
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Table I. The radiative efficiency of B+ -n-type, silicon diodes.

Forward Current

Reverse Current

Resistivity
of Base Breakdown a Percent Radiative Percent
Material Diffusion  Voltage Photons Radiation Lifetime Photons™ Radiation
{ohm-cm) (°C, h) (volts) ectron A>1.6u (nanosec) Electron A >1.6p
-6 -6
1.2 - 22 1.9°10 <£0.6 210 3.9°10 61
0.3 ; 17 2.77100%  ~o0 280 3.6-.10°° 44
0.075 - 11 8.0'10-6 0.2 635 1.8-10-6 41
0.075 1200, % 12 5. 5-10"° < 0.25° 250 2.8-10° 62
0.075 1200, 1 19 4,1 10'6 <0.4 270 2.7°10'6 52
0.068 - 8 7.5-10'6 <0.5 460 1.9-10"6 46
0.068 1200, $ 17 6.7-107° <0.3 350 2.8:10°® 48
0.068 1200, 1 23 5.7'10'6 1.8 400 2.7'10'6 46
0.013 - 4 3.2-107° 0.2 155 2.8-1077 34

a These data apply to the photon flux in air on one side (2 v steradians) of the diode;

to obtain the total internal flux over 4 v steradians multiply by 65 to allow for

internal reflections and for emission over all angles.

b The < sign indicates that the undetected radiation could be as large as the figure

given which represents the noise level.
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Table II. The radiative efficiency of n* -p-type, silicon diodes.

Resistivity Forward Current Reverse Current
of Base Breakdown a Percent Radiative a Percent
Material Diffusion  Voltage Photons Radiation Lifetime Photons Radiation
{ohm-cm) (°C, h) (volts) ectron \A>1,6u (nanosec) ectron A>1.6p '

-6 -6
1.5 - 32 2,110 7.6 510 2.4°10 64
0. 25 - 17 4.6-10'6 ~ 0.5 460 1.9-10‘6 55
0. 25 1200, % 22 5.0-10'6 0.6 400 2.0-10'6 60
0.25 1200, 1 26 5.7'10"6 2.3 400 2.5-10"6 56
0.05 - 9 9.4.10°® ~0.2 320 8.8-10"7 45
0.012 - 5.7 9.9.10°7 <1.5 44 2.7-1077 37
0.0087 - 5 4.6-10°7  <2.7 - 2.2-107"7 36

2 These data apply to the photon flux in air on one side (2 v steradians) of the diode;
to obtain the total internal flux over 4w steradians multiply by 65 to allow for

internal reflections and for emission over all angles.

b The < sign indicates that the undetected radiation could be as large as the figure

given which represents the noise level.
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A typical plot of light output and voltage drop vs current
(Fig. 4) shows a nearly linear variation of light with current from 200

3

to nearly 5000 A cm” % (the diode area is 5.08-10" > cm?). The voltage

drop varies in this case about as
V=11.6+6.71

which indicates that the diode has a breakdown voltage with a high-
current pulse of 11,6V and a series resistance of 6. 7 ohms. The
voltage drop and breakdown voltage tend to differ as the rise time of
the pulse voltage varies, The breakdown voltage observed tended to be
lower as the rise time was slower: The E-H 132A pulse generator had
about a 12-nanosec rise time, the 16-microsec pulse-forming-network
(PFN) had about a 5-microsec rise time. On a curve tracer (Tektronix
Model 175) the breakdown voltage was about 7V at 0.02 mA.. It may be
that a rapid rate of rise of the voltage across the junction leads to the
initiation of a larger number of microplasmas than a slower rate,
Many of these microplasmas may lie in a region of higher breakdown
voltage but do not extinguish once ignited so that the voltage drop

remains high.

With currents above 1 A the apparent resistance dropped to
about 3.4 ohms. With a planar-diffused diode the initial breakdown
takes place near the surface where the impurity gradient is higher,
When the voltage drop in the series surface resistance becomes high
enough,the potential at the bottom of the diffused area reaches breakdown
(with pulses having a slow rate of rise) also so that the series resistance

is decreased.
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Fig. 4. Light output and voltage drop vs reverse current
through an XLD-3(100dn , 068) diode. The light output is given in terms
of the 7102 photomultiplier anode current. The E-H-132A rise time

is 12 nanosec and that of the PFN is 5 microsec.
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Usually at voltage drops considerably above the breakdown
voltage the junction becomes heated intensely at some spot on the
surface and the device i8 mechanically damaged by a spark; at this

point the measurements are terminated.

The radiation produced by a junction operated on reverse
current is generally several times lower in intensity (see Tables I and
II) than the forward-current radiation on a per-unit-current basis.
The principal component of reverse-current radiation lies in the
region of 2 microns according to Chynoweth. 14 By the use of a
variety of filter glasses it was found that the peak lies at about 2.2
microns. This radiation is not of thermal origin because it has been
found that with the XLD-3(100dn. 068) diode, for example, the
proportion of radiation at wavelengths greater than 1.6 microns remained
about the same from 0,182 t0 0.713 A reverse current. No detector
with a time constant shorter than the 200-microsec time constant of the
PbS cell was available to determine whether the long-wavelength
radiation responds as quickly as the shorter-wavelength (A<1.2 microns)
radiation produced by reverse current. The change of the proportion
and magnitude of the long (A>1.6 microns) and short (A <1, 6 microns)
wavelength components of radiation with change in the resistivity of
p-type silicon as the base material is quite different (Table II). The
portion of the radiation withA>1.6 microns ranged from 64% with
1.5-ohm-cm, p-type silicon to 36% with 0.0087-ohm-cm, p-type silicon.
From these data, it can be seen that the short-wavelength radiation
decreased only about six times while the long-wavelength radiation

decreased by about twenty times for the same decrease of resistivity.
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It will be noted from the data (Tables I and II) that the efficiency
of production of reverse-current radiation increases with increasing
resistivity of the base material on a per-unit-current basis. 'Howe.ver,
the breakdown voltage also increases with the resistivity of the base
material so that the efficiency is not increasing on a per-unit-power
basis as the base-matqrial resistivity increases. Moreover, it was
found that the upper limit of reverse-current operation of a light-producing
diode tended to fall at a lower current so that the maximum light output
available from the diode tended to be lower as the base-material resistivity

increased.

The optical absorption of silicon in the region of 2 microns is
much smaller than in the neighborhood of the absorption edge(l.1 microng
so that the long-wavelength component of the radiation might be expected
to be stronger than shorter-wavelength components. However, as the data
show (Table I and II) the proportion of long-wavelength radiation is little
affected by a greater depth of junction as is produced by longer diffusion.
Moreover, it has been observed that the total intensity of the reverse-
current radiation is little changed when observed from the other side of
a ca. 100-micron-thick 